In a recent laser interferometry experiment, the light from a specific forbidden transition was frequency compared with that from a highly stable cryogenic laserresonator coupling for a period of τ ≈ 200 days. Through a detailed analysis, we demonstrate that while the free transition source emits light to set a frequency standard, the wavelength of the other source, being rigidly fixed by the physical size of the resonator box when a prescribed number of wavecycles must fit into the box, would have caused the emitted frequency to blueshift with time if there is Hubble expansion, because the physical distance propagated by light per unit time increases with time as space expands, thereby driving the frequency upwards if the wavelength is not allowed to change. Over the duration τ of the experiment, and given that the initial frequencies of the two sources were calibrated to be the same, the frequency of the laser-resonator should have blueshifted w.r.t. that of the reference source by the fractional amount H 0 τ /2 ≈ 2 × 10 −11 for H 0 = 70 km s −1 Mpc −1 . Their non-detection of a frequency shift δν/ν = (4.8 ± 5.3) × 10
−12
puts to question the reality of space expansion at the rate inferred from WMAP data. The 2σ upper limit for the Hubble constant from this precision optical bench is ≈ 50 km s −1 Mpc −1 .
In an interesting laboratory experiment performed recently (Braxmaier et al 2002) the Lorentz complying line element in Minkowski space:
was tested to an extreme level of accuracy. The outcome was a confirmation of the validity of Eq. (1), and hence Special Relativity. The experiment concerned a frequency comparison between two λ ≈ 1 µm coherent light sources. The first (here-and-after referred to as source A) was emission by a Nd:YAG laser which was frequency stabilized by an ultrastable cryogentically cooled ND:YAG laser using the Pound-Drever-Hall method. The light from A had a wavelength λ determined completely by the (highly stable) size of the reference cavity. The frequency ν is given by the relation ν = c/λ, and therefore may vary if the speed of light has any explicit or implicit time dependence which induces a violation of Special Relativity. This source serves as a 'length standard', as is also stated likewise in Braxmaier et al. The second light source (here-and-after referred to as source B) utilized the emission by a normally forbidden transition of gaseous iodine to frequency stabilize another ND:YAG laser. The frequency of this light is characteristic of the transition and is completely unconstrained by external factors. This will be an important point later. Source B therefore serves as a 'time standard', as referred to by Braxmaier et al.
Light from the two sources was then allowed to interfere with each other so that frequency differences could be measured via fringe shifts. When the frequencies of the two sources were compared for 200 days, the constancy of the ratio dr/dt = c was being scrutinized. The findings led to a limit of
and demonstrated the universality of this constant, which is clearly unaffected by influences like the motion of the earth with respect to the cosmic microwave background.
The interpretation of Eq. (2), as pointed out also by the authors of the Braxmaier et al paper, is obviously that Special Relativity remains a strict law of nature-even when tested to degrees of severity that would have been impossible more than a few years ago. What appears to have been overlooked, however, is that the limit of Eq. (2), set by the experiment of Braxmaier et al, also excludes the existence of the (very mildly Lorentz violating) line element representing an expanding Universe, viz.
where a(t) is the expansion parameter and t is the time after Big Bang. Naively, one would expect that over the period of Some caveats should be stated. Global space curvature was ignored in Eq. (3), since no such phenomenon was detected either in the WMAP 3-year data (Spergel et al 2006) or in the WMAP 1-year data (Bennett et al 2003) . We also ignored a small correction due to the Earth's frame being a non-inertial environment, which is caused principally by the finite and constant gravitational potential Φ on the Earth's surface. This correction, if taken into account, increases the coefficients of dt and dr in Eq. (3) by the fractional amount of 2Φ/c and −2Φ/c 2 respectively, with 2Φ/c 2 ∼ 10 −9 . Its presence or absence in the two coefficients will not change the point of the ensuing discussion.
Let us take a careful look at the situation. Firstly, the Hubble expansion is irrelevant as far as the wavelength and frequency of source B is concerned, because for all intents and purpose the 'B light' is characterized by a particular atomic transition. Provided there is no co-moving velocities between source and observer (none here on earth) its wavelength and frequency must be the same constants irrespective of which moment after the Big Bang t = 0 corresponds to.
More elaborately, the frequency of the light emitted by source B is primarily determined by its own control -the gaseous Iodine. Any deviation in the Iodine transition frequency will directly affect the frequency and frequency stability of the Nd:YAG (source B) -which is ultimately interfered with light from source A. In the Braxmaier et al paper, a portion of the light from source B is actually diverted (by means of a beamsplitter) and frequency doubled, then used as source in a Mach-Zehnder type architecture, except not for the purpose of interference. In one arm is placed the low pressure Iodine cell. The combining beamsplitter is actually backwards from the standard Mach-Zehnder arrangement so that counterpropagating waves exist in the structure, making the arrangement more analogous to the Sagnac interferometer, but again the purpose is not interference. The two beams are the same wavelength, having originated from the same frequency doubler, but with the use of a polarizing beamsplitter, the irradiances of the two are very different. The more powerful of the two behaves as a pump beam, exciting the Iodine gas and the weaker beam behaves as a probe beam.
If the pump beam is on resonance with the Iodine transition, then the gas is excited and the weak probe beam passes through the cell essentially with no absorption. If however, the pump beam is off resonance, the probe beam will be strongly absorbed and the detector output will decrease. This information is used to actively control the resonator of source B to bring it back on resonance with the Iodine cell. So if the resonant frequency of the Iodine cell changes, then the resonator of source B is also changed, which means likewise for its output frequency. An acousto-optic cell is used in one arm to prevent incidental interference at the detector.
Let us now turn our attention to source A. The wavelength of the light is controlled by the size L of the resonance cavity via the equation
where n, the standing wave mode number, is held rigidly fixed. The frequency of the 'A light' would also be a very stable number, then, if the speed of light (in terms of physical distance propagated per unit time) did not evolve during the 200 day period of the experiment of Braxmaier et al (2002) , as the authors themselves also noted. The question is: did it?
The answer has everything to do with whether Hubble expansion exists. Suppose it does, and its behavior is given by the line element of Eq. (3). Suppose further that at some present time t = 0 (i.e. setting t 0 to zero) a light signal is emitted from the coordinate origin. At some later time τ the physical distance propagated by the signal is, according to Eq. (3), given by
where in obtaining the last line of Eq. (5) we ignored terms of order H 2 0 , and wrote
i.e. we assumed a(0) = a 0 = 1.
From Eq. (5) two points emerged: (a) the physical speed of light is not a constant if space expands, the light signal accelerates as it propagates; (b) this does not imply a frequency shift unless the detector at distance L from the origin (as given by Eq. (5)) comoves with the Hubble flow. To appreciate (b), we only need to consider another light signal emitted from r = 0 at an interval δt later than t = 0. The distance the signal covered by the time of τ + δt,
is the same as before, independently of δt to the lowest order in H 0 . Thus an oscillation of period δt at the source will be observed at any physical distance L downstream with identical period.
From (a) and (b) above it would appear that the frequency of the light signal is held fixed but its physical speed varies, implying that the light's wavelength (if defined for reasons to be explained as physical distance δ(ar) propagated per electromagnetic wave cycle δt) has changed. Our conclusion on the frequency can only be drawn when space expands while at the same time the process preserves the physical distance between source and observer, which is held fixed at the value of L. If this distance increases with the expansion itself, as is the case of a comoving pair of remotely separated galaxies, then a signal emitted at the interval of δt later than the first will trail further behind downstream: when both signals arrive they will be separated by a wider interval δt ′ = δt(1 + H 0 τ ). This phenomenon, responsible for the Hubble frequency redshift of the lowest order, is obtainable by repeating the aforementioned analysis using a constant source-observer comoving distance, i.e. keeping r rather than L = a(t)r invariant.
The implication on source A is that if the light naturally propagates a time period t = τ its physical speed d(ar)/dt will accelerate with no frequency drift. Now the formal definition of the wavelength of light is via k = ∂φ/∂(ar) at constant t where φ is the wave phase, and leads to λ = aδr, which always equals cδt (where δt is the wave period) irrespective of the variability of d(ar)/dt. Here, however, the wavelength of 'A light' is coupled artificially via Eq. (4) to the geometry of a non-expanding resonant cavity of physical size L = ar, such that a standing wave with fixed number of cycles was maintained phase coherently for τ ≈ 200 days. Thus the wavelength in the present context cannot be anything else but the dimension of one of those cycles that fitted themselves into the cavity, i.e. our earlier definition of physical distance propagated per period is pertinent to source A. More explicitly, the relevant wavelength for our problem is determined by δ(ar). Since a non-negotiable number of wavecycles bounced forward and backward between the physical distance L for the experiment's duration τ , during which d(ar)/dt increased by the percentage of H 0 τ ≈ 2 ×10
−11 , this forces the frequency of the 'A light' to behave 'unnaturally', viz. it must blueshift by the same percentage to maintain the commensurability of the light's wavelength with the cavity size despite Hubble expansion. Our argument essentially corroborates that of Braxmaier (2002), who reasoned that if the speed of light changes with time the frequency of source A will do likewise.
For the ≈ 1 µm light employed by Braxmaier et al, the above percentage corresponds to an absolute blueshift of δν ≈ 6 kHz whereas the measured value was δν = 1.36 ± 0.63 kHz. The data are consistent with no (or little) space expansion -certainly inconsistent with the standard cosmological model. It is imperative that the test be repeated and with added emphasis on reproducibility and improved precision. As Special Relativity continues to withstand scrutiny using previously unimaginable instruments and experiments, many other Lorentz violating scenarios beyond that of the expanding Universe may be postulated and experimentally searched for.
